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We report temporal changes of luminescence and absorption ~differential transmission! of excitons in
nanometer-size semiconductor crystals ~nanocrystals! of CuCl embedded in NaCl or in glass, and CuBr nano-
crystals embedded in glass. In CuCl nanocrystals in NaCl, an exciton relaxes nonradiatively to some localized
state. In CuCl and CuBr nanocrystals in glass, the temporal changes of the differential transmission have a
longer decay component in addition to the fast decay component which agrees with the luminescence decay.
This result suggests exciton decomposition and the existence of an electron or a hole remainder in the nano-
crystals. The decay time of the longer decay component increases by the accumulation of photoexcitation. This
phenomenon indicates persistent trapping of carriers in the glass matrix, which is concerned with persistent
spectral hole burning in nanocrystals. @S0163-1829~96!11449-1#
I. INTRODUCTION
In this decade, semiconductor nanometer-size microcrys-
tallites ~nanocrystals! have attracted much attention even
since the quantum size effect was observed in them.1–4 One
of the interests in nanocrystals is motivated by theoretical
studies of the enhancement of the oscillator strength and the
third-order susceptibility for confined excitonic systems.5,6 A
super-radiant decay, in the sense that a coherently super-
posed polarization is involved, was reported in Wannier ex-
citons in CuCl nanocrystals.7,8
In the studies mentioned above the optical properties of
I-VII nanocrystals were characterized only by the quantum
confinement, and little attention seemed to be paid to the
effect of the surface or the interface of nanocrystals embed-
ded in crystals or glasses. In II-VI nanocrystals which show
large Stokes-shifted exciton luminescence, the importance of
surface states was recognized and studied.9 In another paper
on II-VI nanocrystals, photoionization of nanocrystals is
discussed.10 In addition, nanocrystalline systems including
I-VII nanocrystals widely reveal persistent spectral hole
burning, and this phenomenon suggests electron or hole trap-
ping at the surface or in the matrix ~photoionization of
nanocrystals!.11–13 Therefore, it is possible that the relaxation
of excitons in I-VII nanocrystals is affected by the surface or
matrix states. In other words, carrier transfer to the surface or
the matrix may affect the relaxation mechanism of excitons.
As for the systems in which charge transfer takes place in
real space, type-II quantum wells are known. In type-II
~Al,Ga!As/AlAs quantum wells, the real-space G-X transfer
of electrons determines the lifetime of luminescence of
G-G heavy-hole excitons, since the lowest conduction-band
state is in the X minima of the AlAs layers. In these systems,
the luminescence lifetime of G-G excitons is reported to be
in an order of 100 fs ;10 ps;14,15 this time corresponds to the
transfer-time of photoexcited electrons from the G state in
well layers to the X state in AlAs layers. However, temporal
changes of induced absorption show not only the similar fast
decay ~100 fs–10 ps! but also much slower tail.15,16 This
slower component mainly reflects annihilation of holes re-
maining in the G valence state in well layers.
In order to investigate carrier dynamics in intrinsic semi-
conductors, time-resolved measurements of luminescence as
well as induced absorption are useful. Exciton luminescence
is proportional to the number of pairs of electrons and holes,
while the sum of electron number and hole number is re-
flected in induced absorption. Since numbers of electrons
and holes are equal to each other in ordinary cases of intrin-
sic semiconductors, temporal change of the luminescence in-
tensity and that of the induced absorption intensity agree
with each other. Nevertheless, in such cases as type-II quan-
tum wells where electrons and holes are decomposed into
different layers, temporal changes of luminescence and in-
duced absorption can be different from each other. Measure-
ments of both experiments and comparison of them are use-
ful and important to discuss carrier dynamics.
In this paper, we report the experimental study of tempo-
ral changes of luminescence and differential transmission of
Wannier excitons in CuCl nanocrystals embedded in NaCl
crystals, and CuCl or CuBr nanocrystals embedded in
glasses. From these results, we clarify an important role of
‘‘localized’’ or trap states on the relaxation mechanisms of
excitons. Then, we discuss the relation between the relax-
ation mechanism and persistent hole-burning phenomena.
II. EXPERIMENTAL PROCEDURE
The samples under investigation are CuCl nanocrystals
embedded in NaCl crystals,17,18 CuCl nanocrystals embedded
in glass, and CuBr nanocrystals embedded in glass ~potas-
sium aluminoborosilicate glass was used for the glass ma-
trix!. These nanocrystals were grown by heat treatment. The
mean sizes of the nanocrystals were measured by small-angle
x-ray scattering and were 2.5 nm for CuCl nanocrystals in
NaCl, 3.5 nm for CuCl nanocrystals in glass, and 3.6 nm for
CuBr nanocrystals in glass. The samples were directly im-
mersed in superfluid helium at 2 K in an optical cryostat. In
order to measure absorption spectra, a halogen lamp was
used. As an exciting source for measurement of lumines-
cence, frequency-doubled 100-fs pulses from a mode-locked
Ti:sapphire laser were used. The excitation photon energy
was 3.37 eV. Temporal changes of luminescence were mea-
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sured by using a synchroscan streak camera. Time resolution
of this measurement was about 15 ps. In order to obtain
temporal changes of differential transmission by pump-probe
measurements, frequency-doubled pulses with a repetition
rate of 250 kHz from a regenerative amplifier of the Ti:sap-
phire laser were used. A laser beam was split into two; one is
used as a pump beam, and the other with the intensity of
;1/10 of the pump beam was used as a probe beam. Time
resolution of this pump-probe measurement was about 300
fs.
III. RESULTS AND DISCUSSION
A. Comparison of temporal changes between luminescence
and differential transmission
Figure 1~a! shows the absorption spectrum of CuCl
nanocrystals embedded in NaCl obtained at 2 K. The Z3 and
Z1,2 exciton peaks are located around 3.22 eV and 3.30 eV,
respectively. Figure 1~b! shows the luminescence spectrum.
This luminescence can be roughly separated into two parts;
one peak is located at 3.175 eV and the other broader lumi-
nescence band with several structures is around 3.21 eV. The
peak at 3.175 eV is attributed to an exciton bound to a neu-
tral acceptor I1,19 and we do not discuss this peak in this
paper. The other luminescence band around 3.21 eV corre-
sponds to the Z3 exciton. When we compare the lumines-
cence peak with the absorption peak of the Z3 exciton, we
find that this luminescence shows Stokes shift of ;12 meV.
Thus the dominant luminescence is thought to come from
some ‘‘localized’’ state.20 In order to avoid the contribution
of the ‘‘localized’’ state to the luminescence and to discuss
the dynamics of ‘‘free’’ Z3 exciton, we made experiments of
time-resolved luminescence and pump-probe measurements
at 3.25 eV denoted by the circle in Fig. 1~a!.
Figure 1~c! shows the semilogarithmic plot of the tempo-
ral change of the luminescence observed at 3.25 eV; the
excitation density was 0.1 mJ/cm2. We find that this lumi-
nescence decay cannot be fitted by single-exponential decay
but by two exponential decay; two decay time constants are
approximately 100 ps and 2 ns. Figure 1~d! shows the tem-
poral change of differential transmission at 3.25 eV plotted
on a log scale under the excitation density of 20 mJ/cm2.
This profile also shows two-exponential decay with decay
time constants of ;100 ps and ;2 ns, and is quite similar to
the luminescence-decay profile in Fig. 1~c!. In Fig. 1~e!, both
of the temporal changes in Figs. 1~c! and 1~d! are plotted on
a linear scale; circles are the results of the luminescence and
the line is of the differential transmission. We find that both
data are in good agreement. Slight difference of rise times
around 0 ps between two data comes from the difference of
the time resolution between the two experiments.
Figure 2 shows results for CuCl nanocrystals in glass.
FIG. 1. ~a! Absorption spectrum of CuCl nanocrystals embed-
ded in NaCl crystal measured at 2 K. ~b! Luminescence spectrum
with an excitation photon energy of 3.37 eV. ~c! Temporal change
of luminescence at 3.25 eV shown on a log scale. The excitation
density is 0.1 mJ/cm2. ~d! Temporal change of differential trans-
mission at 3.25 eV shown on a log scale. The excitation density is
20 mJ/cm2. ~e! Temporal changes of luminescence ~circles! and
differential transmission ~line! shown on a linear scale.
FIG. 2. ~a! Absorption spectrum of CuCl nanocrystals embed-
ded in glass measured at 2 K. ~b! Luminescence spectrum with an
excitation photon energy of 3.37 eV. ~c! Temporal change of lumi-
nescence at 3.21 eV shown on a log scale. The excitation density is
0.004 mJ/cm2. ~d! Temporal change of differential transmission at
3.21 eV shown on a log scale. The excitation density is 0.4
mJ/cm2. ~e! Temporal changes of luminescence ~circles! and differ-
ential transmission ~line! shown on a linear scale.
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Figure 2~a! shows the absorption spectrum and Fig. 2~b!
shows the luminescence spectrum. We find that the lumines-
cence band is overlapped with the absorption band of the
Z3 exciton. Disagreement between the luminescence peak
and the absorption peak may come from smaller luminescent
efficiency of smaller nanocrystals with larger absorption
photon energy. Figure 2~c! shows the temporal change of the
luminescence observed at the luminescence-peak energy of
3.21 eV denoted by the circle in Fig. 2~a!; the excitation
density was 0.004 mJ/cm2. We find that this luminescence
decay is well fitted by the single-exponential decay; the de-
cay time constant is approximately 100 ps.
Figure 2~d! shows the temporal change of differential
transmission at 3.21 eV under the excitation density of 0.4
mJ/cm2. Although the temporal changes of luminescence
and differential transmission of CuCl nanocrystals in NaCl in
Fig. 1~e! are quite similar to each other, the profiles of CuCl
nanocrystals in glass in Figs. 2~c! and 2~d! are different.
Even if we use the same excitation density in both experi-
ments, this disagreement remains. The profile of differential
transmission in Fig. 2~d! cannot be fitted by single-
exponential decay, but by two-exponential decay; the fast
decay time constant is ;100 ps, which agrees with the decay
time constant of luminescence in Fig. 2~c!, and the slow
decay time constant is ;1 ns. In Fig. 2~e!, both of the tem-
poral changes in Figs. 2~c! and 2~d! are plotted together.
From 0 ps to 100 ps two data agree well with each other.
Then the luminescence ~circles! decays in a single-
exponential profile, while the differential transmission ~line!
has a longer decay component.
The results of CuBr nanocrystals in glass shown in Fig. 3
are similar to the results of CuCl nanocrystals in glass. Fig-
ure 3~a! shows the absorption spectrum, and the Z1,2 absorp-
tion band is located around 3.07 eV. Figure 3~b! shows the
luminescence spectrum. The luminescence band is at the
lower-energy tail of the absorption band.
Figure 3~c! shows the temporal change of the lumines-
cence observed at the luminescence-peak energy of 3.02 eV
denoted by the circle in Fig. 3~a!; the excitation density was
0.1 mJ/cm2. We find that this luminescence decay is well
fitted by single-exponential decay with the decay time con-
stant of ;20 ps. Figure 3~d! shows the temporal change of
differential transmission at 3.02 eV under the excitation den-
sity of 4 mJ/cm2. This profile is different from that in Fig.
3~c!, and is fitted by two-exponential decay; the decay time
constants are ;20 ps and ;70 ps. In Fig. 3~e!, both of the
temporal changes in Figs. 3~c! and 3~d! are plotted. From 0
ps to 10 ps two data agree well with each other. Then the
luminescence ~circles! decays in a single-exponential profile,
while the differential transmission ~line! has a longer decay
component.
B. Relaxation mechanism of excitons
In CuCl nanocrystals in NaCl, the Z3 exciton relaxes in
the decay time constants of ;100 ps and ;2 ns. As will be
discussed in the forthcoming paper, luminescence rise is ob-
served at the lower energy (;3.20 eV! region of the ‘‘local-
ized’’ state; the rise time agrees with the fast decay time ~in
this case, ;100 ps! in the high-energy region of the ‘‘free’’
Z3 exciton. Therefore, the fast decay component of ;100 ps
is thought to be nonradiative relaxation time from the ‘‘free’’
Z3 exciton to the ‘‘localized’’ state ~the detailed experimen-
tal results and discussion will be shown in the subsequent
paper!. The appearance of the longer decay component
means that some nanocrystals have no ‘‘localized’’ state to
which ‘‘free’’ Z3 excitons will relax. We assume that this
time constant of ;2 ns corresponds to the radiative recom-
bination time of the exciton. The exciton relaxation dynam-
ics in CuCl nanocrystals in NaCl mentioned above is de-
picted in Fig. 4~a!.
In CuCl ~CuBr! nanocrystals in glass, the temporal
change of luminescence does not agree with that of differen-
tial transmission. This result can be understood by nonradi-
ative decomposition of excitons as is depicted in Fig. 4~b!. In
some nanocrystals, a photoexcited exciton is decomposed
nonradiatively into an electron and a hole. They may be
trapped into defects or surfaces. We assume that an electron
or a hole remains in the nanocrystal and that an electron-hole
pair recombine nonradiatively in the time constant of ;1 ns
in CuCl nanocrystals in glass (;70 ps in CuBr nanocrystals
in glass!. Then these nanocrystals contribute to the longer
decay time constant of ;1 ns (;70 ps! of the differential
transmission, but not to luminescence. In other nanocrystals,
excitons relax radiatively or nonradiatively in the decay time
constant of ;100 ps (;20 ps!, which is reflected in the fast
FIG. 3. ~a! Absorption spectrum of CuBr nanocrystals embed-
ded in glass measured at 2 K. ~b! Luminescence spectrum with the
excitation photon energy of 3.37 eV. ~c! Temporal change of lumi-
nescence at 3.02 eV shown on a log scale. The excitation density is
0.1 mJ/cm2. ~d! Temporal change of differential transmission at
3.02 eV shown on a log scale. The excitation density is 4
mJ/cm2. ~e! Temporal changes of luminescence ~circles! and differ-
ential transmission ~line! shown on a linear scale.
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decay component of differential transmission and in the
single-exponential decay of luminescence. In this way, we
can explain the disagreement between the temporal changes
of the luminescence and the differential transmission.
In our previous paper, we reported persistent spectral hole
burning in CuBr nanocrystals in glass.13 This phenomenon
was ascribed to electron trapping at the surface of the nano-
crystals and hole tunneling into traps in the glass host. Fol-
lowing this consideration, the fast decay time constant of
;100 ps (;20 ps! corresponds to the trapping time of elec-
trons and the tunneling time of holes. The long decay time
constant of ;1 ns (;70 ps! corresponds to the nonradiative
recombination time between the electron at the surface and
the hole at the traps in the glass. At this time, some of these
carriers remain without recombination, and induce persistent
spectral hole burning.
In CuCl nanocrystals in NaCl, the temporal changes of
luminescence and differential transmission agree with each
other, and thus we need not assume decomposition of exci-
tons. Considering that the band gap of NaCl is 8.6 eV ~Ref.
21! and the optical gap of the glass is 4.7 eV, barrier height
for the carriers in CuCl nanocrystals in NaCl is higher than
that in the glass matrix. This is thought to be the reason why
decomposition of excitons scarcely takes place in CuCl
nanocrystals in NaCl. However, some excitons in CuCl
nanocrystals in NaCl may be decomposed and electrons or
holes may be trapped at the surface or in the matrix, which
induces persistent spectral hole burning in CuCl nanocrystals
in NaCl. The hole-burning quantum efficiency of CuCl
nanocrystals in NaCl is smaller than that of CuCl nanocrys-
tals in glass,22 and this observation is consistent with the
different decomposition probability between excitons in the
nanocrystals in glass and those in the nanocrystals in NaCl.
C. Photoaccumulation effect on the transmission time trace
In the temporal changes of differential transmission in
CuCl or CuBr nanocrystals in glass, we noticed the photo-
accumulation effect. Figure 5 shows the results of ~a! CuCl
and ~b! CuBr nanocrystals in glass. In both the samples,
three time traces drawn by symbols were obtained succes-
sively from the top to the bottom. For CuCl nanocrystals in
glass, the accumulated excitation densities and the pump-
beam energy densities in the parentheses were shown in Fig.
5~a!, and the excitation photon energy was 3.22 eV. For
CuBr nanocrystals in glass, the accumulated excitation den-
sities and the pump-beam densities were shown in Fig. 5~b!,
and the excitation photon-energy was 3.09 eV. The results
shown in Figs. 2~d! and 3~d! correspond to the top traces in
Fig. 5 obtained at the smallest accumulated intensities. All
the temporal changes in Fig. 5 can be fitted by two-
FIG. 4. Schematic drawing of relaxation mechanisms of exci-
tons in CuCl nanocrystals embedded in NaCl crystal, and in CuCl
~or CuBr! nanocrystals embedded in glass.
FIG. 5. Photoaccumulation effects on the temporal changes of
differential transmission in ~a! CuCl or ~b! CuBr nanocrystals em-
bedded in glass. Three temporal changes drawn by symbols are
measured successively from the top to the bottom. The accumulated
excitation densities ~and the pump-beam densities in the parenthe-
ses! are shown in the figure. The excitation photon energy was ~a!
3.22 eV or ~b! 3.09 eV. Lines are results of fitting by the two-
exponential decay of I0 @aexp(2t/ta)1bexp(2t/tb)# .
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exponential decay, given by I0
@aexp(2t/ta)1bexp(2t/tb)# . The used parameters for the
fitting in Fig. 5~a! are ~1! I051, a50.64, ta571 ps,
b50.35, tb50.67 ns, ~2! I051.2, a50.75, ta571 ps,
b50.25, tb56.2 ns, and ~3! I050.48, a50.70, ta574 ps,
b50.30, tb52 ns. Here, I0 in ~1! was set to be unity, and
I0 in ~2! and ~3! represents the relative intensity. In the same
manner, the used parameters in Fig. 5~b! are ~1! I051,
a50.71, ta522 ps, b50.29, tb567 ps, ~2! I0529,
a50.86, ta543 ps, b50.24, tb5250 ps, and ~3! I050.52,
a50.85, ta538 ps, b50.15, tb5280 ps.
When we compare the trace ~1! with the trace ~3!, we can
find that the fast decay time constant is about the same but
the longer decay time constant increases. These traces ~1!
and ~3! were obtained by the same pump density but a dif-
ferent accumulated density. If we compare the time integral
of trace ~1! with that of trace ~3!, we find that the integral
was scarcely changed. We can say that the photoaccumula-
tion effect means the increase of the long decay time con-
stant which was ascribed to the nonradiative recombination
time discussed in the previous section.
The increase of the long decay time constant can be ex-
plained by the following scenario concerned with persistent
spectral hole burning. A photoexcited exciton is decom-
posed, and then the electron is captured at the surface and the
hole is at the trap in the glass. At the small accumulated
densities, the hole is captured by a trap near the photoexcited
nanocrystal. At this time, an exciton is easily decomposed in
a nanocrystal when a trap is located near the nanocrystal. In
this case, the electron and the hole recombine quickly (;1
ns for CuCl nanocrystals in glass, or ;70 ps for CuBr
nanocrystals in glass!, and the small portion of the pairs are
left without recombination. These pairs induce persistent
spectral hole burning. With the increase of the accumulated
density of photoexcitation, traps near nanocrystals capture
holes and become inactive. Then a hole coming from the
decomposed exciton is captured in traps distant from the
nanocrystals. The recombination time of a far separated
electron-hole pair becomes longer. In this way, we can ex-
plain the increase of the long decay time constant in the
transmission time trace. As for the relationship between this
photoaccumulation effect and persistent spectral hole-
burning phenomena, we note that a persistent hole is found
in an absorption spectrum after the measurement of Fig. 5.
In contrast with the differential transmission, no photoac-
cumulation effect was observed on luminescence. The reason
may be that separated electron-hole pairs do not
luminesce. Temporal changes of luminescence show single-
exponential profiles without a longer decay component com-
ing from separated pairs. Hence only electron-hole pairs
without separation ~excitons! are thought to contribute to lu-
minescence. When a photoexcited exciton is decomposed,
the electron-hole pair recombines nonradiatively ~without lu-
minescence! or is left without recombination. Thus some of
the separated pairs without recombination induce photoaccu-
mulation effect on the differential transmission but not on
luminescence.
We did not observe the photoaccumulation effect on the
transmission time trace in CuCl nanocrystals in NaCl so far.
In this system, the long decay time constant (;2 ns! was not
ascribed to the recombination time of a separated and
trapped electron-hole pair but to the radiative recombination
time of the exciton. Thus the long decay component has no
relation to the persistent spectral hole burning and the pho-
toaccumulation effect. Further experimental study is neces-
sary to clarify the exciton dynamics causing hole-burning
phenomena in CuCl nanocrystals in NaCl, because we did
not find any photoaccumulation effect on the exciton dynam-
ics.
IV. CONCLUSION
We measured temporal changes of luminescence and ab-
sorption of excitons in CuCl nanocrystals embedded in NaCl
or glass, and CuBr nanocrystals embedded in glass. Both of
the temporal changes for CuCl nanocrystals in NaCl agree
well with each other, and show two-exponential decay. Two
decay time constants of ;100 ps and ;2 ns correspond to
relaxation to the ‘‘localized’’ state and radiative recombina-
tion, respectively. In CuCl and CuBr nanocrystals in glass,
the temporal changes of the differential transmission show
two-exponential decay, and are different from the single-
exponential luminescence decay; the decay time constant of
the luminescence agrees with the fast decay time constant in
the differential transmission. This disagreement between two
decay profiles shows nonradiative decomposition of excitons
and existence of an electron or a hole remainder in the
nanocrystals. In addition, in the temporal changes of the dif-
ferential transmission in CuCl or CuBr nanocrystals in glass,
the decay time constant of the longer decay component in-
creases with the increase of accumulated excitation density.
This result shows persistent trapping of carriers, which is
thought to be the origin of persistent spectral hole-burning
phenomena in nanocrystals.
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